Ventricular septal defect (VSD) is the most common congenital heart malformation and can be detected during the prenatal and postnatal period, in childhood, and in adulthood. Spontaneous closure of VSD can be determined through a variety of methods-echocardiography, Doppler color flow imaging, angiography, auscultation, and cardiac catheterization-and can be proven by pathological evidence at necropsy. There are two major types of VSD, membranous and muscular, as well as the perimembranous variety, which comprises variable portions of the adjacent muscular septum but lacks the membranous septum. VSD appears either as an isolated cardiac defect without other abnormalities or with several complex malformations. It has long been recognized that VSD can close spontaneously, but the incidence of spontaneous VSD closure is still uncertain. Since necropsy study of the hearts with VSD has rarely been reported, information on morphological features of spontaneous VSD closure remains limited. In addition, the mechanisms for spontaneous VSD closure are not fully understood. Herein, we present a brief review of the incidence of spontaneous VSD closure, morphological characteristics of the closure, and the main mechanisms responsible for the closure.
Ventricular septal defect (VSD) is the most common congenital heart malformation and can be detected during the prenatal and postnatal period, in childhood, and in adulthood. Spontaneous closure of VSD can be determined through a variety of methods-echocardiography, Doppler color flow imaging, angiography, auscultation, and cardiac catheterization-and can be proven by pathological evidence at necropsy. There are two major types of VSD, membranous and muscular, as well as the perimembranous variety, which comprises variable portions of the adjacent muscular septum but lacks the membranous septum. VSD appears either as an isolated cardiac defect without other abnormalities or with several complex malformations. It has long been recognized that VSD can close spontaneously, but the incidence of spontaneous VSD closure is still uncertain. Since necropsy study of the hearts with VSD has rarely been reported, information on morphological features of spontaneous VSD closure remains limited. In addition, the mechanisms for spontaneous VSD closure are not fully understood. Herein, we present a brief review of the incidence of spontaneous VSD closure, morphological characteristics of the closure, and the main mechanisms responsible for the closure.
INCIDENCE OF SPONTANEOUS VSD CLOSURE
Th e incidence of spontaneous ventricular septal defect (VSD) closure varies greatly, depending on the age and gender of subjects at spontaneous closure, the size and site of the defect, the types of defect, as well as the population studied, methods employed, and length of follow-up period. Table 1 presents available data on the incidence of spontaneous VSD closure.
Age and gender. Age has been found to have a significant infl uence on the incidence of spontaneous VSD closure, whereas gender seems less likely to aff ect the incidence. Although spontaneous VSD closure can occur at any agegestation, infancy, childhood, adolescence, and adulthood (1)-it occurs most commonly during the fi rst 6 months of life (2) , during the fi rst year (3, 4) , or soon after the fi rst year of life (5) . Afterward, the occurrence of closure declines progressively and occurs less commonly after the age of 10 (5). It has been documented that the incidence of the close increases with age, from 24% at 18 months of age to 50% at 48 months and 75% at 120 months (6) . However, in older children, at 3.5 years old, the incidence declines sharply to 44% and then rises to 66% at 7 years and 75% at 10.5 years (6). A similar trend has been found in other reports, which showed 57% (109/190) of cases closed before 3 years of age, 89% (169/190) closed before 8 years of age (7), and 4% to 10% closed after the age of 17 (8, 9) . During adulthood, the incidence of spontaneous VSD closure remarkably declines. One study showed that of 188 adults with VSD, 19 patients' (10%) VSD closed spontaneously between the age of 17 and 45 years, and the incidence of closure was greater in the 17-to 24-year age group than the 25-to 34-year group, the 35-to 44-year group, and the ≥45-year group (8) . Among children, spontaneous VSD closure appears to be predominant in females, but the number of case reports is too small to support the notion (5:3 females vs. males in the report of Farina et al and 20:15 females vs. males from the literature review by Farina et al) (10) .
Size and site. Several studies have demonstrated that spontaneous VSD closure occurs more frequently in small defects than large ones (3, 7, 11, 12) . It was reported that the defects with diameter ≤3 mm (3), <4 mm (12) or <5 or 6 mm (7) were more likely to close spontaneously. Th e size of the defect has also been suggested to aff ect the incidence of spontaneous VSD closure, particularly in muscular VSD (2, 3, 13) . Th e incidence of closure varies with the site of the defect, with a closure rate of 83% in the anterior, 84% in the apical, and 89% in the mid-ventricular septum (13) . However, there has been a huge controversy over the eff ects of the defect size on the incidence. Although spontaneous closure of muscular VSD is more frequent in a mid-ventricular defect than an anterior or apical defect (13) , apical defects are a preferable location for the closure (2). In addition, there have been no signifi cant differences in spontaneous closure between the mid-muscular and apical defects, although spontaneous closure of apical defects is frequently present (3). Types of VSD. Muscular VSD is believed to be more likely to close spontaneously than membranous VSD (14) or perimembranous VSD (15, 16) . It was reported that in 68 children with VSD, 69% (27 of 39) of muscular defects and 28.5% (8 of 28) of perimembranous defects closed spontaneously, indicating that the incidence was signifi cantly greater for muscular defects than for perimembranous defects (15). Meberg et al showed that 74% (119 of 161) of muscular VSD and 22.2% (8 of 36) of membranous VSD closed spontaneously (4). In contrast, Beerman et al reported that of 87 membranous VSDs, only four patients (5%) had spontaneous closure of the defect (17) . A recent study of fetal echocardiography showed a high incidence of spontaneous closure of muscular VSD during the fi rst year of life, and 7% (3 of 44) of muscular VSD closed spontaneously in utero (3) . Th e prevalence of spontaneous closure of muscular VSD is not completely understood, but may be related to the inherent structure of the ventricular septum (more complex embryotic origin of the membranous compared to the muscular part) (4), the growth and hypertrophy of surrounding muscular septum in the uterus (3), or a protracted normal closing process in the interventricular septum, because most trabecular septal defects in the neonate period resulted from incomplete trabecular coalescence (2) .
MORPHOLOGICAL CHARACTERISTICS OF SPONTANEOUS CLOSURE OF VSD
Several studies have provided anatomic evidence for spontaneous VSD closure (7, 11, (18) (19) (20) (21) (22) . Detailed descriptions of morphological characteristics of spontaneous closure for membranous VSD and muscular VSD are summarized in Tables 2  and 3 . Herein we exemplify some pathological fi ndings. Roberts and his collaborators described anatomic evidence for spontaneous VSD closure, in which 3 membranous VSD in adults and 2 muscular VSD in an adult and a child were included. In the membranous VSD, spontaneous closure resulted from adherence of the septal tricuspid leafl et of the tricuspid valve to the margin of the defect (Figure 1 ). In the muscular VSD, the defect closed entirely by fi brous tissue. A characteristic "jet lesion" of the endocardium was also noted (18, 20) . Afterward, several studies provided pathology-proven spontaneous VSD closure at necropsy. A study revealed that the defects closed most commonly by fi brous proliferation, followed by adhesion of the medial leafl et of the tricuspid valve to the defect (7). In 1983, Gaines and Rao reported an adult patient with spontaneous closure of a membranous VSD by adhesion of the septal leafl et of the tricuspid valve to the margins of the defect (21) . In the patient reported by Gaines and Rao, a large-sized VSD (1.4 cm in diameter) was found to locate at the region of the inferior portion of the membranous septum. On the right ventricular aspect of the defect, an aneurysm-like pouch was formed by the adherence of the septal leafl et to the margins of the VSD, and such a pouch could be mistaken for an aneurysm of the membranous septum (21) . In 1990, Nir et al provided anatomic evidence of a spontaneous closure of muscular VSD intrauterinely in a neonate (at 5 hours of age) (22) . In the neonatal case, gross examination revealed a small depression on the left side of the interventricular muscular septum. Microscopical examination revealed that the defect was completely replaced by fi brotic tissue (22) .
MECHANISMS RESPONSIBLE FOR SPONTANEOUS VSD CLOSURE
Th e mechanisms responsible for spontaneous closure of VSD remain unclear; however, multiple factors may be involved. In this regard, distinct or mutual mechanisms may be responsible for membranous VSD, perimembranous VSD, and muscular VSD. Table 4 summarizes the main proposed mechanisms.
Membranous VSD. Roberts and collaborators proposed that a jet lesion functions as a mechanism of spontaneous VDS closure (18, 20) . Th e notion was mainly based on the following pathological observations of the defect: 1) the defect was located in the outfl ow portion of the ventricular septum, as viewed from the right ventricle; 2) turbulent fl ow of blood through a VSD led to a fi brous endocardial reaction; 3) the specifi c site and physiological alterations of blood resulted in morphological changes of the jet lesion on the adjacent right ventricular endocardium (thickened, pearl-like endocardium); and 4) the above characteristics of the jet lesion made it possible to distinguish this lesion from an aneurysm of the membranous septum (AMS) (18, 20) . It was also thought that adhesion of the medial leafl et of the tricuspid valve (18, 20) , fi brous tract (incomplete closure), fi brous patch, and AMS may contribute to spontaneous closure of membranous VSD (7). Moe and Gunthroth proposed the concept of endothelial roughening leading to spontaneous closure. It was assumed that a highvelocity jet produced the roughened endothelium, which resulted in a slow accumulation of platelets on the roughened endothelium of the rim of the defect, followed by the jet lesion on the septal leafl et of the tricuspid valve becoming "sticky" and adhering to the rim (23). Takaki et al highlighted the eff ect of a jet stream, which created the tricuspid pouch. Th ey described several events in sequence: left-to-right shunt fl ow jet toward the tricuspid valve, followed by deposition of fi brin over the margins of the defect and adhesion of the septal leafl et of the tricuspid valve to the margin of the VSD (24) . Recently, Cozijnsen et al presented echocardiography showing a small isolated VSD (with a diameter of 6 mm) in association with a giant AMS (25 mm in length with a diameter of 8 mm), suggesting that the AMS closed the VSD (25) . Perimembranous VSD. Anderson et al provided photographs demonstrating the mechanisms of spontaneous closure of perimembranous VSD, in which the reduplication of tricuspid valve tissue, adherence of tricuspid valve leafl ets, and prolapse of the aortic valve leafl et were responsible for the closure, but so-called AMS was rarely present (11) . Perimembranous VSD is frequently associated with a so-called AMS. It therefore has been suggested that the association tends to close spontaneously. Beerman et al cautioned that AMS is clearly an inaccurate designation in most cases because morphologically it is not an "aneurysm" and its structure is not the membranous septum (17) . Recently, it was found that children with spontaneous closure of perimembranous VSD had higher matrix metalloproteinase-9 levels than the nonclosure group, implying that connective tissue remodeling by matrix metalloproteinase-9 may play an important role in the mechanism of the closure (26) .
Muscular VSD. It has been suggested that the usual cause of spontaneous closure of muscular VSD is muscular encroachment septal defect plus superimposed fi brosis (27) or physical hypertrophy of the septal myocardium or by fi brous tissue around the margins leading to apposition of the edge of the defect (17) . Spontaneous closure may also be attributed to progressive muscular "encroachment" at the margins of the defect with subsequent fi brosis and covering by endocardial proliferation, because VSD, in most cases of tricuspid atresia, is located in the muscular defect, which is surrounded entirely by muscle (1) . Another mechanism for closure of muscular VSD is by progressive growth of cardiac tissue from the right ventricular side of the circumference of the defect or by growth and hypertrophy of the surrounding muscular septum (4, 5) .
Tricuspid pouch versus aneurysm of the membranous septum. Some authors believe that AMS is an important mechanism responsible for spontaneous VSD closure (28, 29) . However, the tendency for VSD with an AMS to spontaneously close may be less likely than previously suggested (17) . In most cases, the constructive tissue of AMS is usually derived from the tricuspid valve but not from the septal membrane itself (17) . In spite of the association between VSD and AMS, Miyake et al suggested that there was no relation between the closure and AMS because AMS was detected in 48% (23 of 48) of patients with perimembranous VSD, and of the 23 defects with AMS, only 4 (17%) closed spontaneously (30) . Some authors believe that perimembranous VSD is closed by tricuspid pouch. During the process of natural VSD closure, the septal leafl et of the tricuspid valve forms a large tricuspid pouch (24) . Th e tricuspid pouch closely resembles an AMS by echocardiography and thus the tricuspid pouch can be confused with AMS (24) . Th e tricuspid pouch is created by the eff ect of a jet stream (24) . In contrast, AMS is formed by projection of the left ventricular pressure during spontaneous closure of a VSD (24, 31). 
